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Abstract

Organicsolar cells show a remarkable combination of rapid improvement in performance and low
cost which has led to much attention as a potential renewable energy competitor to traditional
silicon cells. When metal oxides such as ZnO are introduced to thesesomthes as staradlone
electron transport layers or mixed with the active layer to facilitate electron transport,
improvements in the performance arises through enhanced exciton dissociation and improved
charge transport capabilities. In this study, taHer improve the intrinsic properties of ZnO,
magnesium and gallium dopamre incorporated into ZnO and their effects on the structure,
particle morphology, optical and photoluminescence propevieesanalyzed.

Nanoparticles of ZnO were successfdnthesized using the sgél technique and then annealed

at 500°C in a furnace. -Xay diffraction of the nanoparticles matched the peak positions of the
samples to theexagonalvurtzite structure of ZnO as indexed using IC&bdno. 180052. SEM

and TEM have shown that the particle morphology comprises oflikedstructures which
agglomerateto form nanoflowers. However, the Mg doped ZnO exhibited a deviant agglomerated
nanosphere morphology. Energy Dispersive Spectroscopy revealed the weight pesadrttage
individual atoms in the nanoparticle and EDS mapping showing ehomogeneous atomic
composition distribution over the nanoparticles independent of their morphology. Raman
spectroscopy measurements corrobartite structural phase identified ByRD having exhibited

the vibrational modes associated with a wurtzite phase of Ma@oparticles sizes were found to
increase upon annealing from room temperature to 508fi@ the band gap decreased as the

annealing temperature was increased from raonperature to 500°C.

Optical studies by diffuse reflectance confirmed band gap energies in theoféhgei 3.18 eV

for the annealed samples. An overall decreastheband gap energiewas observedipon
annealing the samples from room temperatureO@°G and wasattributed to the increasae
crystallinity as observed from th&hargning of theX-ray diffractionpeaks. Photoluminescence
studies displayed botthe characteristiciear band emission (NBE) and broad band emission
(yellow emissionfrom ZnO. The deconvoluted peaksf the broackemissiorbandwereassociated

with defect transitions such as zinc vacancies and oxygen interstitials.
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At room temperature ZnO is diamagnetic as seen from the magnetic moment dependiiece
applied fieldwherethe magnetic susceptibility is negative and can be estimated to have a magnetic
permeabilityslightly less tharl. Temperature dependence of the induced moment in the presence
of a magnetic field20000 &) was evaluatedIt was evident that upon anneatjnat higher
temperatureo-dopedZnO behaves like a diamagnetic materiattoipery low temperatures for
which the incidence of super paramagnetism becomes apparentwakiseen when the
experimentwasrepeated at a higher fiel@T, in which transitiontemperature shifted to higher
values (4K)

The ZnO nanoparticles were then incorporat@d organic solar cell as a constituent oé th
electron affinity layemas an acceptor. This was done by adding the nanopatti¢iee active layer
blendof P3HT:PCBMin the ratio 1:1 dissolvedin chlorobenzene. In this way, thele of ZnO
nanoparticlesvas to help irthe electron extractiofiom the donoin the photoactive layer of the

solar cell devices The devicesvere then annealed to allow for interconnected network to form
percolated layers. Raman spectroscopy analysis on the fabricated devices showed all modes
associated with P3HT and micrographs depicted the distribution of nanoparticles over the surface
of the devices. Absorption measurements gave spectra that were characterized by a broad
absorption peak ranging from 48&70nm with a maximum at 513 nm. A large decreastaén

power conversion efficiemes wasobserved upothe introduction of the nanopastés into the

active layer blend. This drop can be attributed to the nanoparticles causing cracks probably due to
differing particle sizes and ndmomogeneous distribution which form alternative pathways for
current to flowthroughthe device, and they caatso affect the contact between the active layer

and the top aluminium electrode.
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Chapter 1

1.1. Introduction

In one way or the otherllaenergy sources have somegativeimpact on our environment.
However, bssil fuels such as oil, coal and other menewable sources of energysidstantially

more harmthan renewable energy sourcAsnong other things, the harmful effects incluadgter
pollution, air contamination, disturbances to wildlife and habitat lessexcluding public health,

land use, and global warming emissions. Whenever the topic of climate change comes up,
renewable sources of energy usually top the list of changes the world can implement to mediate
the worst effect of rising temperatures. @hisbecause renewable energy s@s such as wind

and solar do namit directly the greenhouse gas#ésat contribute to global warming effegfq.
Figurel.1l shows a chart of projected annual installations of new power sourecgawags. From

the figure it isclearthat thereis an increase in renewable energy installations whbssil fuel

sources such as coal or gas become increasingly rare.

GW
400 .
: = Marine
350 Solar thermal
: Small-scale PV
300 - Solar PV
: ¥ Offshore wind
20 Wind
200 =
“ Biomass
150 ® Geothermal
" Hydro
100 = Nuclear
Qil
50
" Gas
0 ® Coal
2006 2010 2015 2020 2025 2030

Figure 1.1. Chart showing annualglobal installations of new power sources in gigawatts; over time, new energy
supplies will come from renewable sources like solar panels and wind turlibg8loombergNEF1]).

The maturing sector oknewable/clean energyaapable otreating jobsreducirg dependence

of power from grids therefore minimizing chances of load sheddimdimprovingremote energy
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access in Africarrountries Additionally, the flexibility as standalone technologies caitigate

the rising energy costs amtergy billsat remoé areasA study carried out by the International
Renewable Energy Agency (IRENA) suggests energy demand of up to 610 GW by 2030 with the
southern part of Africa largely relying on distributed sgdaotovoltaic (PV)systems. This is
depicted in the chart in figure2 below[2]. For the past centurynankind has relied heavilyn
nonrrenewable sources to power everything from light bulbs to facf8figsossil fuels play a
crucial part in early all our energy demands aiad a result, the greenhouse gases emitted from
the burning of those fuels have risen to historically new levels. Heat that would otherwise escape
to outer space as a result of these gases is trapped in the atmospherg tteusiverage

temperature on the surface of the earth tolrysapto 1.1°C by the year 2104).

Biomass @ Hydro Solar PV csp Wind @ Geothermal @ Small Hydro @ Dist. salar PV

N Moeth Africa

D 2013
L

B 203
I M| 2030

W west africa

W 2o
| 2030

IC Contral Africa

_— s
I W 2050

E) East Africa

— 20

8 southom Africa

Source: IRENA

Figure 1.2. Projected Renewable energy demand distribution across Africa in 2013 and by [2D30.

In aneffort to reduce the effect of these climate chafyeeplacingnonrenewable sourcesith
renewable sourcethephotovoltaicindustry have made huge advancements in the past decade
improve the performance of renewable energy deviceparticular, organic photovoltaic cells
(OPVs) have attracted a great deal of attention as possible alternatives to their inorganic
counterparts (Silicon and Cadmium Telluriflg]) based solar cell§igurel.3 depicts théational
Renewable Energy LaboratofREL) solar efficiencies as of August 20Ihe diagram shows
that between 2000 and 2020 the efficigf organic solar cellsas increased considerably from

4t0 17%.
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Best Research-Cell Efficiencies Emerging PV HNREL
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Figure 1.3The NREL solar efficiency chart from August 2019. Emerging PV technologies which include
organic solar cells are highlighted and enlargg6)].

Bulk heterojunction base@PVsare photovoltaic devicethat usetwo electronially dissimilar
conductive organic polymers or small organic molecules for light absoygtxaiton generation
andcharge transport to produce electridity. Currently, the reported solar conversion efficiency

of this generation of PV cell i©16% [8]. The high solar conversion efficiengy attributed to
recent research on new acceptor molecules that ardulierene based. Additionally, the
incorporation of a third organic polymer to form a ternary bulk heterojunction has reportedly
attracted intensive research interests since the thirdo@oemt increases the overlap of the
absorption with solar emission spectr{@h Despite these enormous effortsvéomds low cost
solutionprocessable organic based PV devices, their performance parameters such as efficiency
and lifetime are significantijower when comparedto the commercially viablenorganic
photovoltaicsn which thereported efficiencies of theonventionalsilicon solar cellsarein the

range of 15 40%410]. To date, therare three types of OPMshich aresingle layer, bilayer and

the bulk heterojunction (BHJ) OPV devices, with the BHihdpe¢he most efficient of the three.
Therefore, only the BHJ is discussed in this study.

The basic architecture of the BHJ solar cell is shown in Figjdrelt comprises of a cathode,

electron transport layer (ETL), active layer (electron donor and axdaper), hole transport layer
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(HTL) and the anode. The active layer is the main component of the device wherexatitattion

occurs, and the electrodes connect the cell to the outer circuit where there i§l&]logte

electron transport and retransport layers improve thémic contact with electrodes as well as
modifying the work function of the electrod22].Si nce t heir discovery 1in
solar cell, in which a mixture of polymer acceptor (e.g. P3HT) and fullerene (e.g. PCBM) is
insered as the active layer, hagenerated research interesbrldwide due to continually

demonstratingelatively high power conversion efficiencies (PCES).

Figure 1.4 Structure of aBulk Heterojunction Solar Cell

To improve the efficiencies of OPMgarious parameters can be investigated, these include but are
not limited tq device geometry, particle morphology of metal oxide electron tramsgadatyer
inserted betweethe top electrode and photoactive layer and the sequence of thermal annealing
[10]. In particular, the electron transport layer (ETL), has been manipulated in various ways in an
attempt to improve their PCE by improving electron mobility to the cathode and also by protecting
the ative layer fromphotodegradatioasuch as those caused by oxygen and moisture penetrating
through the device from the top electrdd8]. Doped metal oxides used as electron transport
layers have previously shown improved device performance relative to tkapen counterparts

[14]. Interest has recently been shown in fabricating loytheivices where the metal oxide used as

the electron transport layer is blended together with the active layer components in an attempt to
facilitate electron transport. This leads to chances of having reduced exciton recombination and
shorter diffusion lagths for improved charge transport. This study focused on zinc oxide (ZnO),
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a metal oxide semiconductor used in OPV as electron transport layer. The idea is to enhance the
fundamental properties of ZnO through doping with magnesium (Mg) and galliumaf@a)
blending together with the active layer materials in order to enhance the efficiencies of BHJ
organic solar cellsWe expect the Mg/Ga doped ZnO nanoparticles to improve the electron

accepting capability from the donor molecule of the photoactive.layer

1.2. Motivation of this project/study

Although thephotamactive layer in OPV devices represents the major component and thus attracts
a lot of attention due to its potential in improving the PQifserdevice layers such as the buffer
layers (ETL and HT) between the active layer and electrodes play a key role in the determination
of the overall performance of the devices. These interface layers may, apart from enhancing the
device performance, also help improve the overall stability of the dgiisgsAmong the many

ETL materials such as PbO and %i@nO has shown great superiority due to its relatively high
electron mobility, among other things. Thaype ZnO with its high electron mobility (200
cm?/Vs) and a wide band gap (3.37 eV) allows for absorption of shorter wavelengths of the
electromagnetic spg&rum [16]. Furthermore, the electron acceptor molecule ofpthetoactive

layer must have higher electron affinity and electron extraction capabfitgomprehensive
review of the struct@rand optical properisof ZnO has been reported by M. Kahouli eflad].
Preference of ZnO over other wide band gap semiconduagaggher electron transport layer or

electron acceptanay include merits such as:

I.  Transparent and highly conducting oxidles property which is useful in applications such
as transparertonducting electrodm photovoltaic cells;
[I.  Non-toxicity and availability in abundanéemplying friendlinesdo the environment and
cost effective production
lll.  High resistance to the hydrogen plasma that is often used in the preparation of silicon based
photovoltaic devices.
IV.  High electron mobility

V.  Absorption of UV photons that could otherwissuse phot@xidation and degradation.
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The ability to tune its electrical conductivity and optical absorption through tailoring the bandgap
and adding impurities tbugh simple doping methods further stamps on the nobility of this metal
oxide[18].

Whendopedwith group Il and Ill elements such as magnesium)(dgl Gallium (Ga)the optical

and electrical properties of Zn€an be enhancgd9]. When doped with magnesium, the band
gap of ZnO can be altered therefore allowing the semiconductor tesdxk in a variety of
applicationsincluding solar cellsdisplays and light emitting diodd20]. Also, due to the
comparable size of the ionic radius of M¢0.57A) andthat of Zrt* (0.6 A), the inclusion of Mg

in the lattice of ZnO does not cause significant distof®). WhenGa®* is doped into ZnO, the

Fermi level of ZnO increases making the injection of electrons to metallic electrode easier thus
improving the electrical properties of Zrf@1]. The lengths of the covalent bonds ofi Gaand

Zn-O are similar at 1.92 and 1.97j respectively
ions are closeit is expected that they form Gdoped ZnO phase which brings about crystal
defectg22]. Also, Ga** with ionic radius of 0.62A is still comparable to that ofZmd again no
significant distortion of the lattice.

1.3. Statement of theoroblem

Lately, the design and development of electron acceptors in OPV devices is an important factor in
improving the power corersion efficiency of thelevices While some researchenave resorted

to nonfullerene moleculegas electron acceptors due lbw cost, optoelectronic tunabilitand

high thermal and chemical stability, the electron accepting capability of traditional fullerene
molecules can be improved by blendimigh inorganicmetal oxide nanoparticles such Znhis

project set out tamprove the power conversion and hence the general performance of the BHJ
OPV devices by blending the P3HT:PBCM active layer with@®gycedoped ZnO nanoparticles.

We expect the M#&a doped ZnO to improve electratithdrawal fromthe polymer (P3HT) donor
moleaile, and also to improve the stability and reduce phegradation [23]. The BHIPVs

of this naturehold apromisefor higher efficiencies due to improvaaterfacemorphology of the

active layerf[24], among other things, and improved charge separation and traridpoxthoice

of ZnO in these devices was based on the fact that it has got relatively high electron mobility and

strongly absorbs photons in the UV which may cause ptxittationand degradation.
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1.4. Research Aim
To investigate the structyrand physicaproperties of solution processed magnesigatlium
doped zinc oxid@anoparticles and their effect as electatsorber othe PCE of BHJ OPV

cells.

1.5. Research Aim
1 To syntheze Mg/Ga dopednO nanoparticlesisingthe solgel process.
1 To examine the structure, particle morphology, opticelgnetiand luminescent
properties of the Mg/Ga doped ZnO nanoparticles
1 To evaluate the effect of the Mg/Ga ZnO nanoparticles when incorporated into the
active layer otheBHJ OPV devices.

1.6. Thesis Layout
Chapter 2

The literature review on organic photovoltaic cells working principles. It also highlights the
theory of fundamental principles of ZnO and the role magnesium and gallium doping play in the

improvement of its physical properties.

Chapter 3

The chapter presentdfageorybehindthe characterization techniques used in the study.
Chapter 4

Reports the structayparticlemorphological and opticglropertiesof Mg/Ga dopednO
synthesized by sajel method.

Chapter 5
Discusses findings from magnetic measurements of pristine atopea ZnO
Chapter 6

Discusses the device fabrication, characterization andrituoltage characteristics of organic

solar cells incorporating ZnO nanoparticles.

Chapter 7

Presents Conclusions and future work.
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Chapter 2 - Literature Review

2.1. Introduction

To meetthe emerging need for sustainable energy, the production in large scales of cheap and easy
to process solar cells is of utmost importance. This has necesshitategpid development of
carbonbased semiconductors (small molecules and conjugated polymers) for use in what is today
known as organic photovoltaic cells (OPVs) for generation of clean and inexhaustible energy.
These materials are characterized by edfitilight absorption and other fundamental properties

that can be tuned through chemical synthesis. Furthermore, the fabrication of thebeeddn

photovoltaics is almost entirely solution process§blend therefore cosdffective.

There has been sificant progress irganic photovoltaics in the past three decades. OPVs have
numerous advantages such as Higloughput roHto-roll solution processing, notoxicity and
potential to be an affordable technology which can compete with current phototesttaiologies

[2]. They are light in weight, can be fabricated on flexible plastic subsf{Bjtesn be transparent

or colortunable, which makes them ideal integrated components foreavartety of applications

[4]. Although power conversion efficiencies (PCE) of more than 11% leen reportech
significant work needs to be done in order to translates¢éabe developments to the industrial
scale[3]. Several strategies are being adopted in tamgt to attain higher PCEs such as,
controlling the morphology of the active layer, implementing new device architectures, employing
interfacial layers that serve as electron transport layers (ETL) and/or hole transport layer (HTL),
fabricating hybrid deices by blending active layer and electron transport layer materials and

synthesizing new donor and accepter materials

2.2. Working Principle of Organic Solar Cells

Generally, the working principle of OPVs invely four fundamental step§) absorption of
photons to generate Frenkel excitons, (ii) diffusion and dissociation of the excitons at the donor
-acceptor interface, (iii) charge transport and (iv) charge colle¢@pnin bulk-heterojunction

OPV, where the active layer is a blend of donor and acceptor materials, the incoming sunlight is

absorbed by the electron donating material (domdrich in most cases iscmnjugated polymer.
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Photons excite electrons from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) of the donor mater&hcethe dielectric constant of
OPVOs is small, the excitati on life-smesnotetrdnge gov e
of nanosecond§5]. Therefore, there should be an offset between the donor LUMO and the
acceptor LUMO in the rangef 0.17 1.4 eV[6] which is the driving force for effective exciton
dissociation. The exciton then diffuses to the deamreptor interface where it dissociates to free

charge carriers due to a patial energy gradient. The free charge carriers are then transported to
their respective electrodes viadontinuous interpenetrating pathways. These steps are illustrated

in figure2.1.
A hy
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Figure 2.1. Working principle in Organic Heterojunction Solar Cel[4]

2.3. Architecture of Bulk Heterojunction Devices

Since the inception of OPVs, several materials and structures have been usediasitesnd
fabrication in order to improve their stability and efficiency, and hence their general performance.
When constructing a working Bulk Heterojuioet (BHJ) solar cell, the photoactive layer
commonly consisting of a blend of polymer and conjugate carbon derivate is the most important
componenbf the BHJ solar cellAccording to latest design, the standard BHJ OPV conventional
geometry is comprisedf @n indium tin oxide (ITO) preoated glass substrate, a hole transport
layer (usually PEDOT:PSS), the active layer (usually can be a blend of P3HT:PCBM), an electron
transport layer (e.g. ZnO or T#Pand the top electrode (usually Ag or AT)]. In the inverted
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geometry, an electron transport layer follows the ITO (cathode) which is then followed
successively by the active layer, hole blocking layer, and egbidr(Au, 5.1 eV) orsilver (Ag,

5.0 eV) that serves as an anode in the top electrode. A conjugatedepoPEDOT:PSSs
commonly used for the hole blocking layer and F&DO for the electron transport lay&igure

2.2 below depicts the (ajonventional andb) inverted geometry of the BHIPV. The inverted
OPV has been studied by several grqupsing to their compatibility with rolto-roll processing

on a large scaleavoiding costly vacuum deposition techniques required for the conventional

geometry.

‘ e : , PEDOT:PSS

P3IHT:PCBM __ P3HTPCBM
PEDOT:PSS X
1o

Figure 2.2. (a) conventional geometry, (b) Inverted geomé¢fily

Furthermore, the use of THZNnO as ETL has been reported by numerous researddekdm et

al [8] reported improved performancaf P3HT-PBCM BHJ solar cell device when TiO
nanoparticlesvere used as ETL between the photoactive layer and the top electrode. L. Qian et al
[9] reported30-80% PCE improvement in PH3TdSebasedhybrid solar cell devices when ZnO
nanoparticles were inserted as the ET.M.Ntwaeaborwa et aJ10] and P.S. Mbule et a[11]
recorded60% increase in the PCE oP3HT-PBCM based BHJ solar cell when ZnO nanoflakes
were used as ETL.Although considerable increase in the PCE of BHJ solar cell devices
incorporating ZnO ETL has been reported, the R@lHes obtained are still lower than 200%

PCE of the conventional silicon photovoltaic cells, which are relatively expensive. The presence
of intrinsic defects such as zinc/oxygen interstitials, and zin/oxygen vacanciesdadnsgatively

on optical propertiesof ZnO. These defects inhibit excitons dissociation at the photoactive
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layer/znO interface, serve as recombination centre, and also the low valence energy level
unfavourable for the hole blocking capabilities of the ZnO HIR]. Furthermore, ZnO
nanoparticles have been addea blend of P3HT:PBCM photoactive layer to improve the activy

of the electron absorbing molecul&omeresearcherlave proposed doping ZnO with transition
elements in order to balance charge transfer and improve exciton dissociation. In this study, we
co-doped ZnO with magnesium (Mg) and gallium (Ga) and we evaluated the physical properties
of the cedoped system. We evaluated the performance of this systeen added to the
P3HT:PBCM layers as electron acceptorBHJ solar cell devices. In the nes¢ction, we

discussed the fundamental properties of undoped and dmad

2.4. Zinc Oxide (ZnO)

2.4.1. Structure and Physical Properties
ZnO is a group VI compound semiconductor with an ionicity that resides in the border line

between ionic andovalent semiconductof3]. It exists in three polymorphs, namely, wurtzite,

zinc blende, and rocksalt as shown in fig@@8. The thermodynamically stable phase under
ambient conditions is the wurtzite structure. The rock salt structure is a high pressure phase while
the zinc blende phase is stabilized onlygogwing on cubic substias [1]. We discuss only the

wurtzite structure.

(a) (b) (¢)

The schematic representation of atom and their occupancy in the conventiboallismidepicted

in figure 2.4 (a) and b). From the figure 2.3 (&is clear that every atom of each kind is surrounded
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by four (4) of the other kind, which are located at the edges of a tetrahedron. The wurtzite structure
of ZnO is made of two interpenetrating hexagonal close packed (hcfgtsobs with anion (O)

and cation (Zn)The hexagonal unit cell corresponding to the wurtzite structure consists of two
lattice parametera andc of ratio c/a = yifo  p& o.dt belongs to space group & in the

HermanAMauguin notation and in the Schoenflies notatifity].

C=5207A

Figure 2.4. A schematic representation of wutzite ZnO. (a) Tetrahedral coordination of ZnO neighboring atoms

(b) hexagonal lattice[15]

The structure is made of two interpenetrating hexagonal closeked (hcp) each consisting of

one type of atom that is displaced with respect to the other type of atom along the threzfsld c

by the amount u = 3/8 = 0.375 in fractional coordinates thithABAB stacking sequencé&he

lattice parameters of the wurtzite structure are characterized by a = b varying between 3.2475 A
and 3.2501A, while the lattice constant ¢ varies between 5.284a@nd 5.2075A. Ozgiir and
Morkoc have reported that in thetaal ZnO crystals, a deviation is seen from the atomic
arrangements in the ideal wurtzite structure, and is observed by changes in the ratios c/a which
yield 1.602 which is close to that of 1.633 of the ideal hcp unift@]l The deviation is likely
caused by factors which include stability, ionicity, internal or external strain introduced by
impurities as well as intrinsic point defects suclzias antisites and oxygen vacancies may also
contribute to increased lattice constants. Lattice constants of crystalline materials are measured by
x-ray diffraction (XRD) which is discussed in chapter 3. A summary of the physical properties of

ZnO is preseted in table 2.1.
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Table 2.1. Important physical properties of ZnO

Physical Parameter

Value

Lattice parameters in nm at 300K

a

c/a

0.32495
0.52069
1.6024
0.380

Density {Q o &)

5.606

Stable phase

Hexagonal, Wurtzite

Melting point (°C)

1975

Thermal conductivitfc j 0 &0 ¢ 0.67 1.2

Linear expansion coefficient (/°C) aed prTt
c:o8t pm

Static dielectric constant 8.656

Refractive indexf(= 0. 5& m) 2.008i 2.029

Energy band gap (eV) 3.3714, direct

Exciton binding energy (meV) 60

Electron effective massi( ) 0.24

Electron hall mobility ( & @ i) 200

Hole effective massy( ) 0.59

Hole hall mobility € & ¢ i) 57 50

2.4.2. Electronic Band Structure and Optical Properties

The electronic band structure plays an importatg in correlating the optical and electronic

properties of a material. In ZnO, the conduction band (CB) minimum and the maximum of the

valence band (VB) are found in the same wave veflloin(the Brillouin zone. In this case the

wave vector val
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reason why ZnO is known as a direct band gap semiconductor. The band gap can be tuned by the
intentional addition of impurities to the semiconductor matrix, a process known as {gjing
Changes which occur in the band gap of ZnO due to doping can be analyzed by comparing the
luminescence properties befaed after doping and by studying the optical spectroscopy at low

temperature.

(a) (by 10 N /

A LM I A H K I’

Figure 2.5. The wurtzitestructure of ZnO with the laite parameters a and ¢ shown (a), and the band
structure of ZnO calculated using the HSE hybrid functional in (9]

Luminescence is the process which involves the absorption of energy that is subsequidéetly

as light. ZnO is one of the materials that exhibit this phenomenon, it emits energy in the form of
light when excited with radiatiof20] whose energy is higher than that of the bandgap of the
material. The absorption of incident photon with energy higher than the threshold energy of ZnO
leads to energy transfer to an electron in the valence band which is excited to a higher energy state
(conduction band). By a series of processes this elecitbstavt to deexcite to its ground state
(valence band). If light is given off during this-dex ci t ati on process, it
emi ssioné and if no | i-mgdadi atsi veefil)t Eheeekgitaition oi nsO
source determines the type of luminescence that occurs. Asraplexavhen a voltage is applied

as a source, the process is known as electroluminescence and when light is used, it is called
photoluminescence (PL). In this study PL spectroscopy was used to examine the optical properties
of ZnO. Through analysis of opéttransitions, this characterization technique helps in identifying

defect levels and types of impurities in the materials as well as their respective emission properties.
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Photoluminescence studies have been useful in identifying emissions of ZnO. Al typic
photoluminescence spectrum of ZnO at room temperature exhibits two lummicedzands as
shown in figure 2.6The narrow baneédge emission located at the absorption edge in the short
wavelength band in Zn®2] is associated with excitonic recombination, While the broad band
between 420 700 nm incorporates the broacvelength band assigned to deep level emission

that results from native point defects such as @, Zn and \b .[23]

1400 - o
1200 - Band-edge emission |

] ‘ - " - - 7
1000 - Intrinsic defect emission -

400 -
200 -
“ = T T L T T T T T T T L
350 400 450 =10 1] 550 600 650

¥ avelength (nm)

Figure 2.6. Typical photoluminescence Spectrum of Zfixl]

2.4.3. ZnO Intrinsic Defects

Intrinsic or native defects can be regarded as imperfections in the lattice which involve only the

constituent atomp24]. These include:

1 Interstitials, which are additional atoms that occupy interstices in the lattice.

i Vacancies, which signifies the absence of atoms at regular lattice sites.
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1 Antisites, which are A (such as Zn) atoms occupying B (such as O) lattice sites or vice

versa for a binary compound.

Intrinsic defects within a crystal strongly affect their optical and electrical properties. Hence the
determine the luminescence efficiency, minority carrier lifetime and identity of the doping species
[25]. It is therefore of utmost importance to understand the behavior and incorporation of ZnO
point defects and their formation energies which depend on chemical potentials for a possible

application in semiconductor devices.

The exact energy positions and nature of defects in the ZnO band gap responsible for emission in
the broad band is not fully understood. It is however generally accepted that recombination of
radiative centers such agygen vacancies @), Zinc vacancies (%), Oxygen interstitials (,

Zinc interstitials (Zr), Oxygen antisites (&) and Zinc antisites (&) represent the origin of the

broad band emission of Zn@3].

Oxygen Vacancies
Oxygen vacancies ) were previously believed to be the cause of thge conductivity in ZnO

but theorettal calculations have shown that it is actually a deep double donor with a high formation
energy (3.5 eV) in an-type ZnO. In the fiype state, the Fermi level lies near the bottom of the
conduction band, while thed¥s the neutral charge state positidra ~1 eV below the conduction
band minimum (CBM). In the-pype ZnO, the formation energy can be much lower, it has a 2+

charge state qualifying it as a source of compensatiotypgZnO[19].

Zinc Vacancies
Zinc vacancies (¥h) are double acceptors and are regarded as important compensating defects in

n-type ZnO. Experimental results have winothat V.cnar e responsi bl e T or  Ar e
1.8 eV range. Zinc vacancies are a result-bfpe samples which are synthesized in oxygehn
environmentg19]. They behave as compensating centers and occur in modest concentrations in
ZnO. In ptype materials, they are found in low concentrations and have high formation energies

(3.7 eV). h experiments, ¥h can be identified with a weak and broad green luminescence that is
centered around 22.5 eV[26].
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Oxygen Interstitials
Oxygen vacancies (Poccur as a result of excess oxygen atoms being accommodated in the ZnO

lattice. Q may occupy octahedral sites, tetrahedral interstitial site or create split interstitials. The
O is a deep double acceptor at the octahedra[Z1te At the tetrahedral interstitial site, due to
being unstable, relaxes into a sfiterstitial arrangement sharing a lattice site with a

substitutional oxygen atom asaarest neighbor.

Zinc Interstitials
Zinc interstitials (Zr) are shallow double donor as suggested by numeriosts principle

calculations [2]. They can be found in two occupancies in the hexagonal wurtzite structure of

ZnO, namely at:

1 The octahedrahterstitial site which is the channel that runs along the ¢ axis equidistant
from 3 oxygen and 3 zinc atoms.
1 The tetrahedral interstitial site where one oxygen and zinc are nearest neighbor atoms,

though this occupancy is usually unstable due to geanetnstraintg28].

Zinc Antisites
Theintrinsic defect in ZnO known as the zinc antisiteq¢is formed whenever an oxygen atom

is substituted by a zinc atom in its lattice site. The formation energies of this defect are higher than
those of the Znand demonstrate high thermal stability. diéinet al have suggested that the
diffusion mechanism can be separated int® and Zn componentq12]. These defects are
associated with zinc rich conditions with the condition for the endothermic reaction described by
the following equation at formation energy of ~2.8 eV. This leads to difficuannihilating Zr

compared to Zn

Zno?*V ZhVléééééé. (2.1)
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Oxygen Antisite
The oxygen antisite (£3) defect occurs when an oxygen atom occupies a site in the zinc sub

lattice. The formation energy ofis the highest in all native poidefects, even under oxygen

rich conditions. @, antisites are unstable deep acceptors that can potentially arise under non
equilibrium conditions such as ion implantation or under irradiation. Figure 2.7 depicts the energy
level positions of intrinsic pat defects in ZnO relative to the valence barakimum(VBM) and
conduction band minimum (CBM). The positive and negative integers represent the charged defect
state. Oxygen interstitials of the octahedral and split configuration are shown, with the split
configuration offering the most stable sites.

Figure 2.7. Schematic diagram of intrinsic point defects in Zn[23]

2.5. Phonon modes in Wurtzite ZnO

The vibrational properties of ZnO enable understanding of the thermal and electronic properties
which may impede some of its applicatigd8]. The lattice vibrations of materials are desed

by the corresponding phonon dispersion relations and can be used to determine the thermal
properties of Zn(J30]. As photons interact with electrons in the lattice, Raman scattering
measurements can be used to determine the vibrational structure anadhielgctoperties of the

ZnO. Raman spectroscopy is discussed in more detail in chapter 3.
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At ambient temperature and pressure, ZnO crystallizes inek&gonalvurtzite phas¢l4]. The

4 atoms that make up the hexagonal unit cell result in 12 phonon branches, 3 acoustic and 9 optical
phonond29]. These are classified by the irredwcible
2B1 + 2B + 2BE. One Epair (& (TO) and k& (LO)) and one Amode are acoustic phonons. The

9 optical phonons arise from one doubly degenerater&ch (Raman and IR ao#), one A

branch (Raman and IR active), two doubly degeneratbr&nches (Raman active), and two
inactive B branches. There are therefore four Raman active phonon modes at the center of the

Brillouin zone[31].
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Figure2.8.Un-pol ari zed Raman s pxe=582nmn. Ramarf actibeurodes vdthte, o

corresponding vibrations of the ions are indicated. The red arrows specify the dominant ions displacd@@nts

The Raman spectrum of ZnO displays six fosfler peaks instead of the four aetimodes as
depicted in figure 2.8Here, Russo et al. gives anpolarized spectrum of bulk ZnO along with
atomic displacement sketches of the md@8. The two most prominent peaks at 99 camd
437 cm® are the Elow and E high modes respectively. The Bw mode is dominated by
vibratiors of heavy Zn sulattice while the kis mostly vibrations from oxygen atoms. As atoms
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in each subattice move perpendicular to theagis, the neighboring ions move in opposite
directions giving a net displacement of ions as zero and no net polarizairahis reason, these
two modes are known as ngpolar modes. Aand & phonons, on the contrary, are polar modes
that are oxygen dominated. These atoms move perpendicular or parallel-extbéncthe k£ and

A1 symmetry respectively. This happenssiach a way that the net displacement induces an
oscillating polarization of the Zn suhttice with respect to the oxygen slattice. This results in

a splitting of these modes into longitudinal optical and transverse optical comp@8@nts
Therefore, the associated Raman peaks becomg.fauly(TO) at 380 crit, Ei(TO) at 407 crit,
A1(LO) at 574 crit, E1(LO) at 583 crit, which account for the 6 detectable peaks together with

the two EE modes. These are shown in tabl2 Zlow.

Table2.2. Raman modes of ZnO and corresponding shift val[g&%

S ymmetry F requency (c n1'1 )

A, -TO 378 — 380
E, -TO 409 - 413
A, -LO 574 - 579
E, -LO 583 — 591
E,"™" 99 — 101
E,"&" 437 - 438
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2.6. Doping of ZnO

Transparent conductive oxide materials such as ZnO have spurred widespread interest in the
research community due to a variety of promising applications such as flat panel displays, touch
screens and solar cells. ZnO also has applications as piezoeggecators that convert
mechanical energy into electrical energy to power deviwestporating Fe dopant has seen them
usedas multiferroic materialgr semiconductor spintronics and in gas seng3¥k Pristine ZnO

is however, unfavorable in the previously mentioned applications because of its inferior electrical
propertiesuch as low electron mobilit{84]. To conquer this shortfall, it is frequently doped with
group Il and Il elements such as Magnesium, Cadmium, Aluminum and Gallium. We discuss only

on magnesium (Mg) ancalium (Ga) as dopants in ZnO.

2.6.1. Magnesium doping in ZnO

The addition of Mg in the ZnO lattice has been found to expand the optical bajgbpapznO
thereby making the compound a transparent material active in the UV [8§]oiherefore, the
ability to tune the band gap makes ZnO a very appealing materralftgrousapplicationg36].

The incorporation of Mg in ZnO is preferred for various reasons, which include; (i) the larger ionic
radius of ZR* (0.74 A)is comparable to that of M(0.66 A)[37].

(i) Adding Mg into Zn lattice doesot significantly change lattice constants
(iif) The MgO solubility in ZnOis high[38].

(iv) Mg-doped ZnO has been reported to act as efficient photocatalysts in tlaelategr of

organic pollutants in the environment.

In addition, Alexander et al. also stated that addition of ZnMgO in organic solar cell devices as
an electron transport layer can improve the efficiency of the def8gsThe continued addition
of Mg dopant to ZnO does however have negative impacts on the coitglucti the

semiconductor
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2.6.2. Gallium doping in ZnO

Replacing ZA* ions in ZnO by trivalent ions such as ¥Gaan greatly improve the electrical
properties by increasing the carrier concentration and thus in turn reducing the electrical resistivity
of ZnO. Furthermore, G& doping ha been found to improvstability of ZnO for use in
applications such as solarllsd40]. Ga in ntype ZnO has been found to be an effective dopant
for the following reasons; (i) the ionic radius of Zn (0.74 A) and that of0G#6 &) are almost
similar. (i) The substitution of Zi with Ga&* provides an extra electron into the lattjd&]. (iii)

The bond length of Z® (1.97A) is comparable to that of @n(1.92 A), therefore, the addition

of G&* can substitute Z over a broad doping range as compared to other elements without
causing significandlistortion to the ZnO latticgl2]. Gallium is also selected as a dopant in ZnO
because it offers better oxidation resistance which can be beneficial in improving OSC device

stability.

2.7. Photovoltaic parameters measurement

To characterize the performance of organic photovoltaic cells, the current density as a function of
voltageis measured under illumination of AM1.5G (100 mW#solar spectrum, where AM1.5G

refers to the mass of air light from the sun has to travel through, which is 1.5 times larger than the
light incident on the surface that faces the sun with zenith ang& 25f and a temperature of 25°C

[43]. Thisspectrum is shown in figure 2@low. The photovoltaic parameters that can be directly
measured are power maximuimax), the open circuit voltage @4, the shorcircuit current

density (do), and the fill factor (FF), while the powercoe r si on ef fi ciency (d)

these parameters.
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Figure 2. 9. AM1.5G solar spectrum.

1 Open circuit voltage (Voc)
The voltage that is obtained when no current flows through the circuit is known as the open
circuit voltage[44]. It depends on the phegenerated current densityp{dand can be

determined using the equation:

Lydl, » L Lyd., ~ L
e g g 22

Whereq is the elementary chargks is the Boltzmann constant,is the temperature in

Kelvin, Jo is the saturation current density aljhis the photon current density.

9 Short circuit current density (Jsc)
The current that flows through the solar cell when no voltage is applied (V = 0) is known
as the shortircuit current density. This current arises from light generated charge carriers
[45]. It is dependent on the photon flux incident on the solar cell that is determined by the

spectrum of the incident light.
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1 Maximum power point (Pmax)
The point on the -¥ curve that maximizes the produGtad* Vmax iS known as the
maximum power poinfPmax). At this point, the maximum electrical power is delivered to
the load at the level of irradiation. This point is depicted in blue shaded digar@?.10
below[45].

Current density

\—> Voltage

<— Jwr

|

VMI’

Figure 2. 10. Current densityvoltage (J V) characteristic of a solar cell under illuminatio6]

1 Fill Factor
The ratio between the maximum power generated by the dewvigex(¥may and the
product ofJsc and Voc is known as the fill factor (FF). The FF is calculated using the

equation:
btémse _ote
2.3
1T Ty Nire &3
T Power conversion efficiency (PCE, n)

The ratio of the maximum output powemgk) to theinput power (i) gives the power

conversion efficiency d of a solar cell
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btéimse Io+ (2.9

PCE relates to 8 and dcwhen the FF is used,

HVAJET” _?L:”:=| | (25)

.

Parasitic Resistances

1 SeriesResistance (B
Resistances that arise from the front surf
current flow are known as series resistances. These particularly cause problems at high
values of g, such as under concentrated ligHi]. This value is found by calculating the
inverse of the slope atoé parallel to the yaxis in 3V curves, this is illustrated in figure
2.11

1 Shunt ResistancgRsh)
Parallel or shunt resistance arises as a result of alternative pathways for current through the
solar cell device. These paths could be around the edges of the device, through cracks that
may form through the active layer and betweencibretacts of different polaritiggl5].
This value is obtained by calculating the inverse of the slopg padallel to the »axis as
shown infigure 2.11
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Chapter 3— Material Preparation and Experimental Techniques

3.1. Introduction

Powder samples of undopéanol % Mg doped, 3nol % Mg doped, fnol % Ga doped, &01%

Ga doped, Inol % Mg and 3mol% Ga mol co-dopedZnO were used in this study. The samples
were anndad at 500 and 900°CA solgel method was used to synthesize the samples as
illustratedin section 3.2. Therystal structure, chemical composition apdrticle morphology

were determined using-Ky diffraction, Raman spectroscopy, Energy dispersive specfrgsc
Scanning electron microscopy and Transmission electron microscopy, respectively. The optical
and manetic properties were determined using VWisible spectrophotometry,
Photoluminescence spectroscopyd Physical Property Measureme8ystem The basic
principles of these characterization techniques are discussed in section 3.3.

3.2.Synthesisof Undoped and doped ZnO

From the ratio of grams to atomic mass units of Zinc, Magnesium, Gallium and Oxygen, the
number of moles was obtained. From the product of these number of moles and atomic mass units
of the precursors zinc acetate, magnesium seatad gallium (111) Nitrite hydrate set amounts in
grams of precursor could be measured on a balance. For example, for 3mol% doping of ZnO, 2.3
grams of zinc acetate and 0.054 grams of magnesium acetate were measured and dissolved in 10
milliliters of didtilled water. 4 grams of sodium hydroxide pellets were then dissoivdd
milliliters of distilled waterin a separate beaker and the two mixtures added together while stirring
over a magnetic stirrer at room temperature until a clear mixture was abt&thanol of 99.8%

purity was added dropise using a burette to the clear mixture leading to the formation of a white
geklike precipitate. This precipitate is theecanted into centrifuge tubes and centrifuged at 800
rpm for 5 minutes to separate tladuge from the ethanoic solution. The solute was then washed 5
times with distilled water and then dried in an oven at 100°C overnight. The dry white solute is
then crushed into fine powder and takendnonealing at 500°C (for annealed samples) and then

characterizationThe schematic of the sample preparation procedutepgted in figure 3.1.
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3.3 Characterization Techniques

3.3 1. X-ray Diffraction
Powder Xray diffraction (XRD)is a rapidnon-destructiveanalytical techniquasedto determine

the phase identity, preferred crystal orientations as well as other structural parameters such as
crystallinity, average grain size and migtvain in ordered and disordered sol@k Crystalline
materials have regularly packed atoms which can be characterized by glanterspacing, d,

as shown in figure 3.2 below.

Figure 3.2. Diffraction of x-rays by a crystaj3]

X-rays are used to probe crystalline materials because their wavelength is of the same order as the
d spacing between atorf®. The electrons in these atoms act therefore as scattering centers for
incident xrays. Though most of the scattered rays interfere destructively, there are particular
angles of incidence that rdsin constructive interference which leads to diffraction patterns. This

di ffraction only occurs i f Braggds relation i

= Py (3.1)

wheren is an integer that defines the order of reflectibig the plane spacing given by Miller
indicesh, kandl, ¢, wavelength of incident-xays and , the Bragg angle. With regard to the ZnO
hexagonal structure, d ielatedto lattice parameters a, ¢ and Miller indices by the following

relation[5]:

Page| 56



= (3.2)

T (33)

The lattice constarg, is calculated for the (100) plane [5],

T o (34)

And for the (002) plane the lattice constai calculated as follow$],

* — (35)

In order to obtain the crystallite size and the lattice strain, the WilliasHsdirmethod is used.
Williamson and Hall postulated that the broadening of tfieadtion peak is due to the strain and
crystallite size contributionf§]. This method differentiates between the stinduced andize
induced peak broadening by taking peak width as a function.&@rdadening in powders due to

strain caused by distortions and crystal imperfection was calculated using,

E f+. . (3.6)

From the XRD peak width of (101) the average @list size values can be determined using the

DebyeScherrer equation,

r (37)
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The overall peak broadening is given by the sum of the contributions of strain and that of crystallite

size in the material and can be represented as,

Olgs 7 P (3.8)

where /b represents the contributiaf crystallite size 2Uis straininduced broadening angh

is the instrument corrected broadening of the width at half maximum intensity. When assuming
the strain and particle sizentributions to line broadening as being independent of each other, we
have the observed line breadth as a sum of equations (6) and (7),

Slge S, b 4P (3.9)

mar

Rearranging (9) we get,

A cPYEs Tt P (3.10)

Equation (10) is théVilliamson-Hall equation, representing the uniform deformation model
(UDM). In this model the crystal is considered as being isotropic in nature and the direction in

which measurements are taken does not affeqirtiygerties.

The basic components of anr&y diffractometer comprise of an-tdy source, a sample holder

and anX-ray detectorare depictedA cathode ray tube produc&srays by heating a tungsten
filament which produces electrofig]. The electrons are then accelerated towards the target by
applying a voltage thus bombarding the target material with electrons. When the electrons carry
enough energy to knock out inner shell electrons in the tahgetharacteristicX-ray spectrumnis
produced. All the components of the diffractometer lie within the circumference of a circle,

commonly referred to as the focusicigele as depicted in figure 3tilow.
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Figure 3.3. The geometry of anxay diffractometer[8]

In theBraggi Brentano (-2 ) geometry, the<iraysources fixed while thedetectorand sample
sweep through angles in such a way that #2e condition is maintainef]. The most commonly
used source of-rays is copper However colalt, chromium and molybdenum are other sources

which can be used.

In this study, a Bruker D2 Phaser Benchtoffractometer shown in figure 3.as used for
characterization of the powde thevaeemmthefd.54vhi c h
A This instrument useX-ray powder diffraction in the BragBrentano configuration to collect

high quality dat410].
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Figure 3.4. The Bruker D2 Phaser Benchtop Diffractometer

3.32. Raman Spectroscopy

Raman spectroscopy is a characterization technigadto determine the vibrational properties

of solids by measuring the frequency shift during inelastic scattering of light by phonons in a
sample. This occurs when a photon from light incidenthe sample strikes a molecule in the
sample and produces eithérscattered photon having a lower frequency than the original photon,

a process known as Stokes Raman scattering or a higher frequency than the original photon
referred to as antbtokes Raman scatterififl]. In the latter, the photon acquires its energy from

the molecular bond when it already exists in an excited state. Generally, Raman spectroscopy
measures the energy shift of the outgoing photon. Chemical composition of the swlecul
determines the shift in wavelength of the scattered light. The magnitude of the change in molecular

polarization is determined by the intensity in Raman scattering.

A Raman spectrometer has four basic components, a radiation source, filters, samalg {BRaen

and spectrograph. A schematic diagram of the @orapts is depicted in figure 3.5

Radiation source

Due to the weak nature of Raman line, radiation of high intensity such as a laser is used. An
excitation frequency which is high enough but witit result in photodecomposition is required.

The mercury arc lamp was a preferable radiation source for meeting this requirement in the early
21" century. However, lasers are proving to be a more ideal radiation source and are quickly

replacing mercuryra lamps. Using Heliuaon laser sources have thus become very common.
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Argonrion lasers are frequently employed when high intensity Raman lines are to be produced
[11].

Filters

When nonrmonochromatic incident radiation is used as a source, there would be overlapping
Raman shifts which would make interpreting the spectrum difficult. Therefore, using
monochromatic light is of the essence. Monochromatic radiation is obtained througgetbé

filters. Common filters include quartz and nickel oxide.

Sample (Raman) Tube
Raman spectroscopy uses several different varieties of Raman tubes. Each with a size and shape

that depends on the incident radiation, available amount of sample andutteeafigthe sample.

Spectrograph

In Raman spectroscopy the spectrograph used has to have high gathering power. Therefore, prisms
of high resolving power as well as a short focus camera are used. The scattered radiation is directed
to the slit of the speatgraph using a lens and the Raman lines obtained on a photographic plate.
Although there are spectrographs that use photomultipliers or photographic emulsions, the
photographic method is preferred due to high sensitivity to the low intensity of Raman lines

Radiation ,
#  Sample [———— Non-scattered
source | .
(transmitted)
radiation
= |= Focusing slit
Scattered radiation
/— Slit of spectrograph
L— Prism
Spectrograph —
Photographic plate

Figure 3.5. Schematic diagram of a Raman Spectromé1el]
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3.33. Transmission Electron Microscopy (TEM)

Transmission electron microscopy follows the same basic principle as that of an optical
microscope but instead of light it uses electrdr®. Due to the shorter wavelength of electrons

as compared to those of light, the attainable resolutions for TEM are several orders of magnitude
higher than that of the optical microscope. Three essential systems mé#ke TRM; (i) An

electron gun, used for the production of the electron beam and a corresponding condenser system
whose role is to focus the beam onto the sample, (ii) a system for imaging consisting of an objective
lens, a movable specimen stage, a projesd intermediate lenses which focus the electrons that
pass through the specimen formingighly magnified real image, and (iii) and imageording

system used in converting the image from electrons into a form that can more easily be interpreted
by the eye. The imageecording system normally consists of a fluorescent screen to enable
focusing and viewing the image as well as a camera to capture permanent fedtecnt

component®f the TEM are shown in figure 3.6

Electron
Source

\ Condenser
Electron Lenses

Goniometer __|

Objective Lens —1

Projector Objective Aperture
Lenses _— e
I CCD camera

Figure 3.6 Transmission electron microscofiE?]
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3.3.4 Scanning Electron Microscopy (SEM)

The scanning electromicroscope is a useful instrument for the analysis and examination of
chemical composition characterizations and microstructure morphology at relatively high
magnifications in comparison to traditional optical microscfi#s Figure 3.7depicts the
schematic diagram of a SEM system. The two basic components are (i) a microscope column and

(if) imaging controls.

The microscope column encloses the electron gun as well as lenses responsible for focusing the
beam of electrons onto tsarface of the specimen along with a detector. Typical electron energies
used are in the 01130 keV range. Two pairs of electromagnetic deflection coils comprise what

is called the scan coils, these sweep the electron beam across the specimen. @fiegsithe

beam off the optical axis while the other pair bends the electron beam back to the axis onto the
focal point. Thus the beam is allowed to move
which is viewed on the screen as it is geteztaln this study a Zeiss GeminiSEM is used for
surface imamg, this is shown in figure 3.(b).

—

Control Console

Figure 3.7. (a) primary componentsf a scanning electron microscope. (b) Zeiss GeminiSEMi (e microscope
column, (i) detectorand (iii) T the screers withcontrols
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3.3.5 Energy-Dispersive Xray Spectroscopy (EDS)

For the identification of materials and contaminants they may contain, along with estimations of
their relative concentr at rdspersieX-raysheetrossqpeis i me n 0
used (EDS). Within SEM, the specimen is bombarded with a focused beam of electrons. The
collision of the electron beam with the el ect
from their bound energy levels. The unoccupietgemenergy levels (holes) resulting from the
electronic collision and ejection are subsequently occupied through electronic transitions from the
outer shell leading to-ray emission[13]. The process of transition is governed by quantum
mechanical selection rules. The amount of energyeim-tiays being emitted from these transitions

can be used to directly identify the atom from which thaywas released. This measurement is

done during beam bombardment of the specimen.

M—

_—L

kicked-out ..
electron - -

radiation
enerngy

Figure 3.8. illustration of processes occurmg during electronic excitation inEDS[14]

Each peak displayed in an EBBectrumis unique fingerprint of an atom, this means each peak
represents an individual element. The peak height in a spectrum determines the concentration of
the element in the specimen. An EDS spectrum on top of identifying the element also gives the
type of X-ray to which it corresponds. An electron of the higher energy shells will drop down to

fill this vacancy and in doing so array photon is released with an energy equal to the difference
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between the two levels involved. An example considering L to K transs illustrated in figure

3.8 The same principle being valid for otheray energies.

3.3.6 UV-Visible Spectrometry (UV-Vis)

Spectroscopy can be defined as the study of the quantized interaction of electromagnetic radiations
with matter. When thebsorption of radiations in the visible and ultraviolet (UV) regions of the
electromagnetic spectrum are of interest, UV and visible spectroscopy is employed. The visible
region is in the 406 800 nm range while the UV region extends fromi1@00nm in the
electromagnetic spectruphl]. When electromagnetic radiation is absorbed in the visible and UV
regions electrons may move from lower valence band to higher energy conduction bandeBec

electronic transitions are involved, it is sometimes called electronic spectroscopy.

A pl ot of wavelength versus absorption intens:t
optical density A (for solutions and solids respectively) as definddambertBeer law is then

retrieved from a UWisible spectrophotometer. Lamberts law states that the ratio of incident
monochromatic radiation which a homogeneous medium absorbs is independent of intensity of
radiati on. Accor di n gromatic raBiaienrabserbed layva ,hombdereeousno n o «
medium is proportional to the number of absorbing molecules. The LaBdertlaw can be

expressed as follows,
aE-Q 6 Rok

wherel represents the intensity of the radiation which is transmitteid, the intensity of the
incident radiationA the optical densitylJthe molar extinction coefficient, ¢ the concentration and

| is the path length in centimeters.
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Figure 3.9. Schematic diagram of a UWisible spectrophotometer

UV-visiblespectrophotometers are usually dodtdam instruments (for increased accuracy when
measuring the absorption of samples) consisting of a radiation source, detectors, monochromator,
recording system and anmjérs as depicted in figure 3.8 hydrogen/ de@rium-discharge lamp

is used as a source in the UV region (1@00nm) and a tungstdiament lamp which is used in

the visible region. A monochromator disperses the radiation from source to their separate
wavelengths. Detectors use photomultipliers sufbegenerate voltages which are proportional to

the energy of radiation that strikes them. An amplifier then subtracts the absorption due to solvent
from that of solution electronically and the recorder automatically plots the wavelength of
absorbance radat i on ver sus nopthe optica Hessityr A tAbserptionyand U
reflectance spectra used in this study were taken using the Varian Cary 506 NIR
spectrophotometer with measurements taken between 200 and 80Bisims depicted in figure

3.10
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Figure 3.10. Cary 500 U\Vis NIR Spectrophotometer used in this study

3.3.7.Photoluminescence Spectroscopy

Photoluminescence spectroscopy (PL) is atestructive characterization technique whereby
photons of light stimulate the emission of a photon from a maj&BalLight is then directed

onto a sample and as photons from the incoming light are absorbed, a process known as photo
excitation occurs. Photexcitation causes eleohs in the material to move from a lower energy
electronic state to a higher energy electronic state. As these electrons relax back to the initial
ground electronic state, photon energy is released. Emission of light through such a process is
known as phtwluminescence (PL). The principle of photoluminescence spectroscopy is depicted
in figure3.11
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Figure 3.11. Principle of Photoluminescence spectrosc{p§]

A Photoluminescence spectrophotometer has four basic components, a radiation source, a
monochromatorsample cell and a detector. A schematic diagram of the components is depicted
in figure 3.12 The source can be any laser whose photon energy exceeds that of the band gap of
the sample to be examined, whose power is sufficient to give an adequate shlymal. T
monochromator selects the wavelength to transmit to the detector. In the schematic, lens L1 and
L2 focus the PL signal; the filters F1 and F2 are used to block unwanted light; chopper C1 is for
modulating lighting light for lockn detection and the lgmS is for absorption spectrosc¢py]

Figure 3.13hows the Horiba system used in the study.
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Figure 3.12. Schematic diagram of Plinstrumentatior{17]
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Figure 3.13. Horiba PL system used in this Study

3.3.8.Physical Property Measurement System (PPMS)
Magnetic measurements in this study weeeformedusing the DynaCool PPMS 12T. It uses a
two-stage pulse cooler to cool the temperature control system and the sdpettw magnet and

thus providing a low vibrational environment for sampglearacterization It also provides
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temperature sweep and precise field modes and continuous low temperature control. Temperature
ranges from 1.8Ki 400K The DC Vibration Sample Mpetometer was used for the

magnetization dependence on temperature and isothermal magnetiZetidrmeasurements
The setup is shown in figur8&.14

— .

Figure 3.14. DynaCool PPMS 12T
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Chapter 4 — Structural, Optical and Morphological

Characterizations of Mg/Ga cedoped ZnO nanoparticles

4.1.Introduction

ZnO is a semiconductor witlan ionicity that lies borderline between ionic and covalent
semionductors At room temperaturand standard pressuZnO has awurtzite structure athe
thermodynamically stable phaff. The exceptional properties of ZnO suchitaslarge free
exciton binding energy (60 meV), direct band gap 3.37 eV (at 3(}K)hermal stability, high
mechanical strength, negative electafinity, chemical stability and high radiation hardness
enables itsdiverse application in light emitting devices high temperatureand transparent
electronics [3]. Various commercial applications have reported the use of ZnO in sensors,

photodegradation and photocatalysis, solar cells and liquid crystal digflays

This chapter presents the results from different characterization techniques used to analyze the
structure, particle morphology and optical properties of ZnO andllgedoped ZnO samples.

These samples were annehlet 500°C to improve both their optical properties and degree of
crystallinity. The results have been correlated andithdamentaproperties and parametease

presented

4.2.Morphological Studies

4.21. Scanning Electron Microscopy (SEM)

The morphology of the samples was analyzed using scanning electron microscopy (SEM). Figure
4.1. (a- d) shows the SEM images of undoped ZnO, 3 mol % Mg doped ZnO, 3 mol % Ga doped
ZnO and 3 mol % Mgsa cedoped ZnO, respectively. All the samples were ateteat 500°C.

Figure 4.1 (a, c, d) the powders were made up of rod like structures which agglomerated together
to form nanoflowers consistent with the data reported in ref [11], while in Fig 4.1 (b) it is clear

that the powder was made up of an aggl@ten of nanospheres.
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Figure 4.1 (a),(b),(c),(d) SEM images for undoped ZnO, 3% Mg doped Z8% Gadoped ZnO and 3% co
doped ZnO.

4.2.2. Energy Dispersive Spectroscopy
Figure 4.2 shows the EDS mapping3®Mmol% Mg and Ga caloped ZnO nanopatrticles. The

mapping shows a nemomogeneous distribution of each element on the surface. The EDS spectra
of the four samples in Fig. 4.3 confirmed the presence of elements including Zn, O, Mg and Ga.
Table 4.1 shows the wdigpercentages of each element. Though the samples were doped with 3
mol% of either Mg or Ga., The differences in weight percentage suggests that the reaction was not
100% efficient and that some of the precursors were washed away in the solvent.
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Figure 4.3, EDS spectra of Undoped ZnO, 3% Mg doped ZnO, 3% Ga doped ZnO and 3d6ped ZnO(a-d).



Table4.1 Elemental composition of the ZnO samples

Undoped ZnO Zn 80.26
o 19.74
3 mol % Mg doped ZnO Zn 70.39
Mg 1.15
O 28.46
3 mol % Ga doped ZnO Zn 82.88
Ga 1.24
@) 15.87
3 mol % coedoped ZnO Zn 71.07
Mg 1.90
Ga 6.93
@] 20.10
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4.2.3. Transmission Electron Microscopy
TEM images of undoped ZnO and®I% of Mg-Ga co-doped ZnO, both samples annealed at

500°C are shown in Fig. 4.4Consistent with the SEM images, the TEM images shows that the
particles were made up of nanoflowers formed by agglomeration elikeochanostructures.

Similar results were reported iaf{22].

{a) Undoped ZnO

Figure 4.4. TEM images for undoped ZnO and 3% @oped ZnO

4.3. X-Ray Diffraction (XRD)

The XRD patterns of the as prepared and annealed undaoyi@dire shown in figure 4.9he
peakswereindexed to the Miller indices (001), (002), (101), (102), (100), (110), (200), (112),
(201), (004) and (202) corresponditghe wurtzite structure of Znhe wurtzite belongs to the
space group Rfc reportedn thestandard ICSD card/file no 18003. The sharp peaks suggest
that the materials are highly crystalline. The most intense diffraction p@akl 885-8° indicates
apreferred orientation along th&01] direction of the ZnO phag6]. The values of the interplanar
spacingdni of the ZnO sampleserecalculated using equation (4.1). The lattice paramatarsl

c of the hexagonal wurtzite structure were calculated by applying Egns. (4.2 and 4.3) to the (100)
and (002) peaks, respectivelyheu parameteis defined as the length of the bonds parallel to the
c-axis and it used as the positional parameter of the wurtzite struciure values have been
determined tde3.25A and 5.21A for the undoped and annealed ZnO powder. Rietveld refinement
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(carried out byFullProf softwarefor the annealé samples as shown in figure 48d the lattice

parameters determinedein agreement with those calculated using equationsi(44L.B).

- f P 4.1)
4+ (4.2)
nooi
AL _ 4.3
T 5 (43
300
250 ~ Undoped ZnO A-500
c
: P
o S
O 150+ .
> = &
: o
2 e
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= g g
R g j\ L3
5 - u\ _A N DN
T T I > ;
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Figure 45. XRD pattern of asprepared ZnO and ZnO annealed at 500°CThe patterns have beerstacked by

Y -offsetfor ease of comparison of the peak positions and their intensity distributions.
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Table 42. Crystallographic Parameters extracted from XRD analysfsZnO, as prepare@nd annealed at 500°C.

Undoped 2 FWHM d spacing Lattice Parameters cla Crystallite size | u Parameter
ZnO powder (A) (S)
(deg) (rad) (nm) a c (nm)
Asprepared 34.42 4.16x10° 2.60 3.25 5.21 1.600 14.99 0.3797
Annealed500 C 33.97 2.49x10°3 2.64 3.30 5.27 1.597 22.20 0.3807




Figure 4.6 depicts the XRD patterns of annealed and unannealed 3 mol% Mg doped ZnO
nanopowdersThe diffractionpeaks conform to the Miller indices associated with a hexagonal
wurtzite structure of ZnO. The -Kay diffraction patterns do not exhibit any additional peaks
corresponding to impurity phases after incorporating 3 mol% of Mg in the pristine and annealed
phases. Thus a pure phase of hexagonal wurtzite ZnO is attained with 3% Mg dopants.
Additionally, the diffractionpatternof the annealed sampdahibitsharper and more intengeaks

than those of the unanealed samples suggesting that annealing imprargstéiienity of ZnO.
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Figure 4.6. XRD patterns of as Prepared 3% Mg doped ZnO and the sample annealed &500

Table 4.3ists the lattice parameters deduced from the analysis of the XRD patternshtf
~1.02° between the as prepared and 500°C annealed 3 mol% Mg doped ZnO is significantly larger
than that betweethe as prepared and annealed ZnO. We attribute this shift to the incorporation
of Mg?* (ionic radius = 0.66 A) in the lattice sitebZn 2* whose ionic radius is larger (0.74 A).

Also, the lattice parameters a andvere differentfor as prepare@éndannealed 3% Mg doped

ZnO.



Table4.3 Lattice parameters of 3% Mg doped ZnO samples.

Powder 2 FWHM Plane LatticeParameters cla Crystallite U
sample spacingd (A) size (S) Parameter
(deg) (rad) (nm) A c Nm

3% Mg 34.84 4.68x103 2.57 3.21 5.15 1.60 12.64 0.3795
doped ZnO

3% Mg 33.82 4.44x103 2.65 3.32 5.30 1.60 13.16 0.3808
doped ZnO

A-500




Figure 4.7showsthe XRD patterns of as prepared and annealed 3 mol % Ga doped ZnO samples.
The pure phase of hexagonal (wurtzite) type structure of ZnO was indexed to the standard
diffraction peaks and their corresponding Miller indices. Using difgaction patterns and

thermodynamic argumenkmsed orthe heats of formation of @azit is reasonable to conclude

that no impurity phases weobserved withgallium doping.
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Figure 4.7. XRD patterrs of as prepared and annealed 3% Ga doped ZnO.

In table 4.4 there is a significant change in the lattice parametenrsdc, and the resulting\a
ratio deviates significantly from the literature value of 1.63%t 1.66 and 1%for theas prepared
and annealed samples, respectively. The change in lattice parameter values may be attributed to

substitution of G ions in Zn sites which cause tfid-O, M is the Zn or Gaponds to stretch

along the & planeto stablize theZnO structure



Table4.4. Lattice parameters for the 3% Ga doped ZnO samples

Powder 2 FWHM Plane Lattice Parameters cla Crystallite U
sample spacingd (A) size (S) Parameter
(deg) (rad) (nm) a o Nm

3% Ga 34.95 4.64x10° 2.57 3.21 5.34 1.66 12.34 0.3705
doped ZnO

3% Ga 33.62 4.42x10° 2.66 3.34 5.32 1.59 13.52 0.3814
doped ZnO

A-500




Figure 4.8 shows the XRD patterns of as prepared and anneal&hMgdoped ZnO powder.

The concentration of Mg and Ga was maintained at 3 ni@i%ach ion in the ZnO matrix. From

the figure, the presence of peaks designated by the Miller indices confirm the hexagonal wurtzite
structure of ZnO, and the sharp peaks observed indiogtiecrystallinity. Alsg 3 mol% of Mg

and Ga did not influence the crystalline structure of ZnO as no peatesponding to Ga and

magnesium impurity phasesere identified.
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Figure 4.8 XRD patterns for as prepared 3% -clmped ZnO and 3% cdoped ZnO annealed at 500°C

Table 4.5presents the lattice parameters derived from the XRD patterns of the® MgtGa
co-doped ZnO samples. Contrary to what was seen in previous patterns, there is a slightly

significant shift in the 2 values of the samples upon annealing. The lattice parameters a and c are

seen to have no significant change.



Table4.5. Lattice parameters obtained from XRD analysis of 3% aaped ZnO samples.

Powder sample 2 FWHM Plane Lattice Parameters cla Crystallite | U Parameter|
spacingd (A) size (S)
(deg) (rad) (nm) a c nm
3% cedoped 34.84 4.72x10° 2.57 3.21 5.15 1.60 13.56 0.3795
ZnO
3% cedoped 34.86 4.58x10° 2.57 3.21 5.14 1.60 13.99 0.3800
ZnO A500
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Figure 4.9, Rietveld Refinement run usingsing Full Prof Software.

Figure 4.9illustratesa rietveld refinement run usingullProf software.This technique was used

as a verification method on the quality of lattice parameters values using the entire data set. This
method utilizes the least squaféting techniqueto refine a theoretical line until it matches the
measured profile. The bluamé represents the residue which should be a straight line if the fit
quality is good. Though the? values are appropriatihe quality ofthefit is lacking and could be
improved through further refinement. Howeyvéor this investigation thidevel of quality is

aceptable

4.4 Raman Spectroscopy

Raman spectroscopy is used as an identification tool to detect vibrational modes in solids, and it
is also capable of probirige chemical phasdn figure 4.10, the Raman spectra of undoped, Mg

and Ga doped ZnO are plotted together stacked by a Y offset. An Argon ion laser of excitation
wavelength 514.5 nm was usetiile recordinghe spectra from 80 1890 cm' range. The basic
modes of wurtzite hexagonal Ziv@re detected at 100, 381, 438 and 583 wrhich respectively



represent Klow), A1(TO), Ex(high) and A(LO)/Ex(LO) [8]. The second order phonon mode at
203 cmt is assigned to 2flow) mode. Multi phonon modes observed at 332, 509, 660 and around
1110 cm! are assigned tozfhigh)- Ex(low), Ei(TO) + Ex(low), 2(Ex(high)i Ez(low)), andA1(TO)

+ E1(TO) + Ex(low), respectively9].
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Figure 4.10 Raman spectra of undoped Zn@% Mg doped and 3% Ga doped ZnO samesealed at 500°C

using excitation wavelength of 514.5 nm

All spectra show a prominent peak at 439%dior undoped ZnO and 441 chior both Mg and
Ga doped ZnO samples. This prominent peak is tfileigh) mode assigned to the hexagonal
wurtzite structure oEZnO. The redshifting to 441 cmt observed in the doped samples is due to
the introduction bdopants in the ZnO matrix. Thig(high) mode is a nepolar mode associated
with vibrations of oxygen aton{40]. Another norpolar mode is the Flow) mode at 98 crhin
undoped ZnO and 100 c¢hin Mg and Ga doped samples. Th€l&v) mode is associated with
vibrations of Zn atoms and the incorporation of Mg and Ga in thedagsultedn the peak shift.

The peak at 381 crrin undoped ZnO is caused by anisotropic nature of the force constant and the
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peak position in the doped samples changes as a result of the variation of this force. The peak
observed at 330 cfnis due tothe acoustic overtone proces$as]. The peak at 586 ctin

undoped ZnO arises due to oxygen imperfection and broadens in the Mg doped sample while
increasing in intensity in the Ga doped sample, this indicates an increase in oxygen related defects
such as interstitials and vacandigs]. A new peak is observed in the Ga dopachple at 633 cm

1. Although not a Ga peak, it is attributed to intrinsic defects which likely arise due to lattice
imperfections associated with the introduction of [G2&]. The low intensity peak in the region
betweerl050i 1200 cm' is assigné to optical overtoneassociated with the second order Raman
active modes.
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Figure 4.11 Raman spectra of undoped ZnO and-adoped ZnO samples annealed at 500°C

In figure 4.11 undoped and M&a cedoped ZnO Raman spectra is plotted stacked by Y offset.
The nonpolar modes Hlow) and E(high) modes are observed at 98camnd 439 crit in

undoped ZnO and 100 chand 441 crit for co-doped ZnO respectively. The peak at 330'ém
undoped ZnO and the one at 336'dmMg-Ga cedoped ZnO point to the increase in acoustic

overtone process¢$3]. An increased intensity of the peak at 587'dmthe cedoped sample
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indicates an increasim theamount of oxygen related defects. A peak between 638 cm' is

due to asymmetry effect inducbs gallium.

4.5. UV-Visible Spectroscopy

Figure 4.12 presents the diffuse reflectance spectra of undoped and Mg andiGednO
nanoparticles. From the spectra it is observed that there is reduced diffuse reflectance with the
introduction on dopants, with the-doped sample showing the least reflectance. This is attributed

to increased crystal quality of the ZnO with the introducbf the dopantand may also be due

to changes in the particle morphology of the samilés
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Figure 4.12. Diffuse reflectance plot of ZnO samples. The dip seen around 350 nm is an instrumariitzct
due to switch over othe tungsten and deuteriurtamps to allow for visible and UV illumination, respectively.

The diffuse reflectance data from figure 4.13 was used to evaluate the absorption coefficients from

KubelkaMunk function defined as follows:

oy | p_Y
oy % oy
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Where o0U6 i sc aenrfef iachiseonrtpt i$d t he p)sdemtesttieer i n g
KubelkaMunk function. With regard to diffuse reflectance spectra, KubBlkak function can

be used instead of the absorption coefitsici ent
This is done by plotting (F@E)? versus E(eV) which is linear near the edge for direct allowed
transitid¢ldls (d = 1/ 2)
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Figure 4.13 Band gap energies of ZnO samples as deduced from diffusectsfhce measurements.

In this study, the band gap energies were fdortze3.18 + 0.01, 3.16 + 0.02, 3.11 + 0.05, 3.13
0.01 eV for undoped ZnO, Mg doped ZnO, Ga doped ZnOvaprGaco-doped ZnO, rgzectively

as shown in figure 4.13The 3 mol% Ga doped ZnO produced the sesadlbandgap energy
followed by the cedoped ZnO with the Mg and undoped with slightly higher value. This decreased
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band gap energies are attributed to increasgstallinity of the sampleswhich isconsistent with
the XRD data These values are lowtrat the bulk literature value of ZnO (~3.37 eV). Quantum
confinement effects were not prominent as particles were olikedshape and not full
nanoparticles as seen in TEWhe extension of energies below the band gap vaindicative of
structural @fects present in the sampbed it is discussed in detail usitige photoluminescence

data.

The band gap energies with samples prepared at room tempevatueecompared tohose
annealed a00 and900°C (done for comparison purposes) to assess thaseffeannealing on
annihilation of structural defect and subsequentltherband ga. Figure 4.14hows that the band

gap energies decreasgtially when temperaturevasincreased up t600 C and then increases

therafter.
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Figure 4.14. Band gap energwat variousannealing temperature for undoped and 3% dopednO powders
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4.6. Photoluminescence Measurement
Figure 4.15. (al) depicts the room temperature photoluminescence spectra of pristine and Mg/Ga
doped ZnO samples recorded when eénxgitat the wavelength of 320 nm using a

monochromatized xenon lamp. The spectra wereotwoluted using Gaussian functions.
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Figure 4.15 Deconvoluted PL spectra &) Undoped,b) Mg dopedc) Ga doped andl) co-doped ZnO.

(a) Showsthe PL spectra of undoped ZnO annealed at 500°C. #reaurve fitting we identified
peaks at 35715], 418[16], 445[17], 576 nm 18] ascribedhemto inter-band transitions, electron
transition from conduction band to top most level of the oxygen interstitiglA@c vacancy at
~0.21 eV above valence band and ZnO;, respectively, owing to the formationergies of the
defects(b) Presentshe emission spectra ofr8ol% % Mg doped ZnO. The observed emissions
are at 36419], 411[20] and 586 nm which are attributed tartal to band transitions, conduction

band to zinc vacancy @) and conduction band to oxygen vacancy)(¥anstions, respectively.
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(c) Presentshe PL spectra of 8ol % Ga doped ZnO. A prominent near band edge (NBE) is seen
with emission peaks at 35293 and 445 nm ascribed to band to band, NBE and conduction band

to Vzn transitions, respectively.astly (d) depicts the PL spectra of3ol % Mg-Ga cedoped

ZnO. In the spectrave observed emission peaks at 358, 20], 443[19], 462, 581 and 626 nm
ascribed to band to band transitions, two valence band to zinc vacancy transitions, valence band to
oxygen interstial, conduction band to oxygen vacancy and an oxygen vacancy to zinc vacancy
transition respectivelfl9]. Theserarsitions are shown in figure 4.1@&- d). All doped samples
showan increased emission in the visible region which corresponds to down conversion when
using a UV excitation source. This means that the inclusion of these dopants can further enhance

the propertiesf ZnO in other applications such as down converting LEDs.

(a) Undoped ZnO (b) 3% Mg doped ZnO
Conduction band

Conduction band

576 nm

3.18 eV 3.16 eV

Valence band

3% Ga doped ZnO (d) 3% co-doped ZnO

Conduction band Conduction band

418 nm
445 nm
Band to Band

Band to Band

3.13 eV

Band to Band

Valence band

Figure 4.16. Energy diagram showing defect related transit®from ZnO samples in fig. 4.15

4.6.1. Photoluminescence Lifdime measurements

In order to determine the exciton lifetime ofdoped ZnO, timaesolved spectra was carried out
at 413, 432 and 587 nm at room temperatlinee-correlated single photon countiig used to
determine the single exciton lifetime and subsequently, theciesfty of the radiative
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recombinationFluorescence decay spectra of 3 mol % -Gk cedoped ZnChave been carried

out at 413, 432 an887 nm excitation wavelengths and at room temperature to determine the
exciton lifetime of cedoped ZnO. The results areepentedn figure 4.17.A single exponential
functionwas usedo fit the fluorescence decay profileased on the? valuesyieldingthelifetimes

given in theTableinset. These transitions closely match the zinc vacancy defect transitions and an
oxygenvacancy defect transition. This method has its basis on the probability of detecting a single
photon at a certain time after an excitation pulse is proportional to the fluorescence intensity at that

particular time.
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Figure 4.17. Fluorescence decay meamments for 3% cedoped ZnO

The broad band emission has longer lifetimes which is desirable for applications in solar cells as
the more time is available to extract carriers. This higher lifetime is attributed tradiative

recombination processgal].
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Conclusion

Morphological, structural and optical properties of Zn€re investigatedcrom EDS and SEM

we confirmed thelemental composition artkdeir weightpercentages and the surface morphology

of the nanostructure¥he nanostructures weagglomeratedogetherto form rodlike structures.

XRD confirmed the hexagonal wurtzite structure of ZnO with increasgstallinity when
annealed to 500°@s well as the increase in crystallite sizke results byRamanspectroscopy

are in agreement witlthe XRD dataand theyconfirm the wurtzite phase of ZnO. Raman modes

were identified and assigneahd the peakhifts wereattributedto incorporation otlopans. The

band gap of the synthesized samples ranged froni 31118 eVshowing no prominent effects of
guantum confinement. In the Photoluminescence studies we deconvoluted the spectra and assigned

the peaks to defects in ZnDhe light emission mechasmswere discussed.
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Chapter 5— Magnetic Propertiesof pristine ZnO and co-doped ZnO

5.1. Introduction

Wide bandgap semiconductors such as ZnO have a large range of applicatjaogliectronics.
Changes in electrical, optical as well as magnetic properties can be achieved by introducing
impurities through doping processes. Enhancing the magnetic propdri@gO nanoparticles
promisesa crucial role in improving device performanthrough increased exciton dissociation

and reduction of recombination channels through trgsletgy states that are aidedthginduced
magnetic field. Studies have shown the role of spin, energetic and delocalization of electronic
transitions could & used to suppress recombination losses in organic semiconducRjrs
Additionally, time resolved spectroscopy studies have shown that the molecular triplet exciton
energy state is much lower than the intermolecular charge transfer states of high efficiency polymer
T fullerene systems. Hence these studies provide opportunities to intreaselerstanding on the
interlink of the relative positions of the intermediate energy levels with the global recombination
rates using magnetic excitation [4]. The effect of the magnetic field on the intersystem crossing
and or the formation of the tigt exciton state on the photocurrent can be studied directly in a
magnetic field environment or indirectlisingferromagnetic transparent conducting electrodes.

Studies on room temperature ferromagnetic behavior of ZnO have attracted extensive interest
driven primarily by its high potential for syronic applications anchagnetic sensors{8]. Bulk

ZnO have shown ferromagnetic effects and they have been associated with vacancies or grain
boundaries. Similar effects were found in ZnO thin films andoparticles after doping with
transition metal elements following theoretical predictions of high curie temperature in these
material configuratiorj6-7]. Therefore room ferromagnetism irZnO remains a topic of great
research interest owing to the long spin coherence tilgher dopant solubilitand free carrier
concentrations hich makes ZnO a promising candidate material as a dilute magnetic

semiconducta:

After various theoretical efforts and experiments, the exact mechanisms causing these behaviors
are still subject to much debalumerous studies have also attributedénemagnetic properties

in ZnO to either grain boundaries, clustering of ferromagnetic dopants, threshold electron/hole
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concentrations and intrinsic defe¢®. Another report ascribed ferromagnetism in the materials

to exchange interactions between localized spin momesidting from oxygen vacancies in the
surface of nanoparticlg]. Thus implying that surface magnetism coydthy a significant role

in ZnO nanostructured materials. As ZnO is used as electrode transport layer, its magnetic
properties could affect the photocurrent generated in organic photovoltaic devices. Hence
combining this effect with the probable evidenceripiet states in organic semiconductors, gives

the driving force for the renewed interest particularly in the consideration of triplet charge states
as recombination pathways during exciton dissociation. This idea is further anchored on the
prevalence blow energy triplet exciton states which confirm bimolecular recombination and thus
curtail the enhancement of photo conversion efficiency in organic photovoltaic devices. The
present study explores the effect of doping ZnO with a group Il and Il elevnetite opte
electrical and structural properties. Since doping changes the fermi energy levels and subsequently
introduces additional charge carriers, we thus study the magnetic properties of ZnO doped with
Ga and Mg using temperature dependence magtietizand isothermal magnetization field

curves at room temperature and after annealing atG00

5.2 Pristine codoped ZnO (unannealed)

The incorporation of ZnO either as an electron transport layer or as an electron acceptor in the
hybrid solar cells used as a strategy to increase the performance and lifetime of organic solar cell
devices. Hence it is essential that their magnetic properties are investigated to determine whether
the presence of triplet exciton charge state of lower energy coulligtideefor recombination

losses [10]Thereforewe have investigated the magnetic properties of ZnO upaopimg with

Mg and Ga at various sample conditions. The ferromagnetism in ZnO at room temperature remains
a topic of great interest for a wide ity of applications. The magnetic behavior of thedoped

ZnO nanostructures is investigated from the field cooling curves which represent the temperature
dependence of magnetization in low and high magnetic fields 0.5 T and 2 T. These measurements

are ntended to show magnetic transition at critical temperatures (Figures 5.1 a) and b).
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Figure 5.1 a) showing the magnetization dependence with temperature at 0.5T and b) 2T. It is evident that

room temperature pristine co-doped ZnO exhibit diamagnetic behavior.
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It is evident that there is a diamagnetic to superparamagnetic transition at 3K. This is also
supported by the 2M/dT? which confirms a transition at 3K for lower magnetic fields.
Additionally, the isothermal magnetization versus the applied field curves were used to verify this
transition. These curves have been measured for room temperature (300 K) and 2 K as shown in
Figure 5.2 a) and b), respectively for the pristinegdnnealed) caloped £0 nanepowders. It is

evident that the wannealed caloped ZnO exhibits weak diamagnetic behavior at 300K while a
weak ferromagnetic behavior coupled with diamagnetic or antiferromagnetic correlations coexist
at 2 K. The source magnetization at low terapg@res could be attributed to the presence of defects
that might introduce exchange interactions with delocalized free electrons due to oxygen vacancies
or zinc interstitials [12]. This associates defects with magnetism which increase \dithiog as

shown by Photoluminescence results. Additionglhe role of dangling bonds of surface oxygen
coupled with 2 Zn cations and dopants could also contribute to surface state driven magnetism
[11].
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Figure 5.2 a) Magnetization versudield dependence for pristine cedoped ZnO at 300 K. It is evident that the

ZnO nanoparticles exhibit diamagnetic behavior even at higher applied fields.
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Figure 5.2 b) Isothermal magnetization versus field dependence curves for pristine-doped ZnO at 2 K
showing a mixed magnetic signatures of ferromagnetism with diamagnetic phases. The applied fields have

been ramped betweeri2 T.

5.3.Magnetic properties of annealed cedoped ZnO.
The annealing of cdoped ZnO nanoparticles have not shown any significant changes in the grain
size (section 4.8)Thus anychanges in magnetization cannot be attributed to grain boundaries

related effects as seen in Figure 5.3 a) and b).
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Field Cooling for ZnO_500C at 2T
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Figure 5.3 Magnetization dependence on the temperature for edoped ZnO upon cooling at 2T

Figure 5.3 shows thiemperature dependence of the inducedjnetizationn the presence oina
appliedfield (20000 ). It is evident that upon annealing at higtesnperatureo-dopedZnO
behaves like a diamagnetic materialtapery low temperatures for which the incideraf super
paramagnetism becomes appawem fits to the Brillouin function at H < 1. This is seen when

the experiment is repeated at a higher field 2T in which transition temperature is further shifted to

higher value§2.5 x10* emu) in the vicinity of4 K.

Figure5.4 a) and bghow thesothermal magnetization measurements of annealedpedZnO
nanepowders The measurements have been carried out at 2K by sweeping the field Fe2iveen

It is evident that there are compefimteractions of supgraramagnetism and diamagnetism at
higher fields.At room temperature ZnO is diamagnetic as seen from the magnetic moment
dependence with applied field the magnetic susceptibility is negative and can be estimated to have

a magnetic ermeabilityslightly less thari.
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Magnetic moment dependence on field for annealed ZnO at 300 K
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Magnetisation of annealed ZnO at 2K
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Fig. 5.4 a) and b) Isothermal magnetization curves of edoped ZnO annealed at 500C. At 2 K it is evident

that the hysteresis depicts paramagnetic behaviawing to the lack of the coercive field.
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At higher values of applied field the behavior does not change there is no incidence of alternate
magnetic center at 300K and higher field. The transition to qugr@magnetism is seen at lower
T possibly in the NIT) curves below at-3 K. It is also probable that at H > 1 T leads to the

randomization of the magnetic moments due to the lack of exchange correlation.

Conclusion

At room temperature ZnO is diamagnetic as seen from the magnetic moment dependbace on
applied field where the magnetic susceptibility is negative and can be estimated to have a magnetic
permeability slightly less than 1. Temperature dependence of the induced moment in the presence
of a magnetic field (20000 Oe) was evaluated. It wasleii that upon annealing at higher
temperature caloped ZnO behaves like a diamagnetic material up to very low temperatures for
which the incidence of super paramagnetisetomes apparent. This bbservedvhen the
experiment was repeated at a higher field 2T in which transition temperature shifted to higher
values (4K)
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Chapter 6 — Effect of Mg-Ga Co-doped ZnO nanoparticles on the
Photovoltaic Properties of P3HT:PCBM BasedOrganic Solar Cells

6.1. Introduction

Organic photovoltaic (OPV) cells usually show poor device stability due to two reasons: (i) metal
atoms diffusion from the top cathode electrode to the photoactive layer and (ii) use of low work
function and aksensitive metals such as Al a@ad as the top cathodAs a result, metal oxides
nanoparticles such as ZnO have been inserted as a buffer layer between the top electrode and the
photoactive layer to block, simultaneously, the diffusion of atomic speaciesthe top electrode

to the photoactive layer and holes from reaching the top electrode, and they also act as electron
transport layer due to their relatively high electron mobility. In addition, the ZnO nanopatrticles
can also be blended with the photoaetlayer to suppress charge recombination and enhance
charge collection at the top electrgaleotoactive layer interface. Ferreira et al. reported improved
efficiency of a hybd zinc oxide nanoparticle:pdl$-hexylthiophene) blended solarells
attribuied to improved interfacial morphology in the vicinity of the donor and acceptor molecules
[1]. A similar approach was adopted in this study, with-Ghy cedopedZnO nanoparticles
blended with P3H:PCBM moleculesand their effect on the photovoltaic properties of the OPV
devices were investigateth this respe¢tZnO was used to replace the electron acceptor in the
bulk heterojunction at mass ratios3ao 7 mgwith the active layecomponent PCBMImportant

to the function of the OPV device is the morphology of the interconnected netaricle
morphology determines the efficiency of the exciton diffusion and dissociation and thus the
photocurrent after chge transportThereforethe codoped ZnO nanoparticles have not exhibited
diamagnetic behavior at 300 &dthe effects of the magnetic field on the photocurrent was not

investigated.

6.2. Experimental

6.2.1.Device Fabrication
The procedure for fabricatingrganic photovoltaic devicemn patterned ITO substrate30(- 60

K-squarg is outlinedas follows: etchedindium tin oxide (I'O) coated glass substratesre first
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cleaned by sonication usiagetone andthanolin that order taemove any organic contaminants
on the surface. This was followed by repeated rinsing of the ITO coated glass slides with distilled
H20. The hole transort layer (PEDOT:PSSyas subsequentlgpin coated on the ITO at 2000
rpm for 1 minuteand annea&d over a hot plate at 100C for 2 minutes to remove any residual
watea. This wasfollowed byspin coating ofa layer ofP3HT:PCBMblend mixture at 2000 rpm

for 1 minute. Thélendcompositiorratio wasfixed by masst1.1in a concentration of 20 mg/ml

The synthesized nanoparticles were added to the PCBM at mass ratio of 3 té-inaihg.an
aluminum top electrodd 00 nm)was thermally evaporated at a pressure of Z¥The devices
were then annealed at 18D for 15 minutes under Ar ambient towreve any organic solvents and
further promote the intermixing of the donor and acceptor polynitrs.device is referred to as
the reference device. Similarly, three other devices with blends of ZnO:P3HT:PCBM (ZnO
device), Ga/ZnO:P3HT:PCBM (Ga/ZnO devicand MgGa/ZnO:P3HT:PCBM (Mgsa/ZnO
device) were fabricated. The concentration of ZnO, Ga doped ZnO (Ga/ZnO) and MgiG@edo
ZnO nanoparticles was maintainat3 mol%. The schematic diagrams of these devices are
depicted in Figures 6.1 (a).

The devices were characterized by Raman spectroscopyyvis§/\spectroscopy and photo
luminescence spectroscopy. To measure the current deokidge (V) characteristics of the
devices, a HP 4141B source measure unit (SMU) under 100 niWlemination wasused. All

measurements were carried out under standard conditions at room temperature.
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Figure 6. 1. Schematic diagrams of the layered device architecture.

6.3. Raman Spectroscopy

The observed Raman specwwéundoped and Mga cedopedZnO nanoparticles inarporated
P3HT:PCBM devices shown in figuée2 contains all Raman modes similar to those reported by

S. Falke et.al[2]. The most intense peak lecatedat 1444 crit and is attributed taggregated

P3HT Cui Cp stretching of a thiophene ring. Tipek at 1377 crtt is assigned thas G - Cp
stretchingmode and is consistent with restgported by Giulianini et a[3]. Other less intense
peaks observed 4004, 1080, 1184, 1210 and 1516%are attributed tep i Caxy Stretching
mode[4], a combination o€s 1 H [5] andCuyi Cystretching modes, and tlg= Cp antisymmetric

stretch modes, respectively]. The peak observed at 727 s attributed to an antisymmetric

Cui ST Cuin-phase deformation in thiophene ring of the P3HT polyimierThe insets are the
surface micrographs taken with Raman camera showing the distribution of nanoparticles over
device surface. The area measuredis fran®@ t o 1 0 -aximan@ln0 tthoe I1xO -ge m on
axis. Since the P3HT surface layer is smooth (inset (d)), it is reasdpaddsign the particles
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distributed on the surface of the other three Raman micrograpfrsCicand GaMg co-doped
ZnO.

Reference device
ZnO device
Ga/ZnO device
Mg-Ga/ZnO device

(d) Reference device

Intensity (a.u.)

L| L} 1 L}
1500 2000 2500 3000

Raman Shift (cm™)

1
1000

Figure 6.2. Raman spectra dhe reference, ZnO, Ga/ZnO and MGa/ZnO devicesThe insets are the Raman
micrographs of these devices. The presence of the dark spots is indicative of the lack of solubility of ZnO in the
solvent and hence the presence of hillocks and pinholes.

6.4. UV-Vis spectroscopy

Figure 6.3shows the absorpticspectraof thelayered OP\WWevices.The spectra are characterized

by a broad absorption peak ranging from 43870nm with a maximum at 513 nm, and a minor
peak at 600 nm.An increase in absorption is seen in tha/ZnOand Mg-Ga co-dopedZnO
devices This increase in absorption with introduction of dopants in ZnO indicates that defect

emi ssions augment the absorption -"otfansBABHT t hr o
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P3HT[8]. The MgGa/ZnO device ZnO shows relatively high absorbance. This can be attributed
to increased interchain interactions between P3HT chains from more delocalized el@trons
induced by the presence of Mgnd G&*. The undoped ZnO containing device shows the least
absorbance with a maximum absorbance at 515 nm. All filmrikgk were constant in devices

and in accordance with Beerdés | aw and optical

—— Mg-Ga/ZnO device
Ga/ZnO device
ZnO device
Reference device

0.8 -

Absorbance (a.u)

0.2 -

1 - 1 v I v
400 500 600 700
Wavelength (nm)

Figure 6.3. Absorbance measurements of fabricated devidéee step at 350 nm is an artifact of measurement
due the switch over from Tungsten to deuterium lamp

6.5. Photoluminescencespectroscopy

Figure 6.4 shows the PL emission spectra of the reference, ZnO, Ga:ZnO #pat KD devices
measured when exciting the samples at the wavelength of 517 nm using a monochromatized xenon
lamptherebyexcitingthe P3HT and theefect emission centres in Zn@\ll the spectra consist

of two distinct emission peaks at 651 nm and 702 nm and a minor emission peak at 663 nm.

Kabongo et aJ10] have attributed the ajor emission peaks at 651 nm and 702 nm, respectively,
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to (0-0) and (@1) transitions of Faggregates in regicegular P3HT.  The highest PL intensity

was recorded from the ZnO and Mg,Ga/ZnO device compared to the reference and Ga/ZnO
devices. The incase in the PL intensity suggests that the exciton dissociation was suppressed and
that both Mg, Ga/ZnO and ZnO acted as recombination centres leading to increased generation
and emission of visible photons. Considerable quenching of the PL emissiontyntdntie
reference and Ga/ZnO devices points to enhanced exciton dissociation and subsequent charge
carriers transfer to both the cathode and anode. Similar observatiex@adation are reported

in [11]. In addition, thePL data is consistent with the PCE values where the lower values were
recorded from the samples with higher PL intensities, while the samples with lower PL intensities

gave higher values of the PCE (see Table 6.1).

5000
Reference device
ZnO device
4000 - Ga/ZnO device
—— Mg-Ga/ZnO device

3000 -

Intensity (a.u)

2000

1000 -

T v L v I v T v L v | v 1
600 650 700 750 800 850 900
Wavelength (nm)

Figure 6.4. ZnO nanoparticle incorporéed P3HT:PCBM devices

6.6.Current density — Voltage (JV) curves
Figure 6.57 6.8 show the currentoltage (dV) curves used as a proof of concept for the

application of magnesium and Mga cedoped ZnO as electron extracting compound in organic
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solar cells, of the architectural structure: ITO/PEDOT:PSS/ Mg,Ga/ZnO:P3HT:PCBM/AI. The
devices were annealed at 100°C ¥6minutesafter fabricationa decrease the correlation length

and thus improve the interconnected network within the excitonsefiulength. Annealing
improves the diffusion of PCBM into the P3HTable 6.1 shows the performance parameters of
the solar cells. It cabe observethat the reference and ZnO devices have similar valuesofor V
whichimplies that the ZnO did not affettte amount of charge carriers dissociating in the active
layer. Similarly, the value of ¥, though much lower, is the same for the Z8&) Mg,GdZnO
devices. Depicted in figure 6&e the power conversion efficiencies (PCE) of each device. The
referencalevice shows the highest efficiency at 7%, followed respectively by ZnO, Ga/ZnO and
Mg,Ga/ZnO devices at 0.13, 0.0062 and 0.0008%. As mentioned earlier (section 6.5), the
relatively lower values of the PCE for devices incorporating ZnO and Mg,Glamsl ZnO
nanoparticles is attributed to poor exciton dissociation in degites The introduction of ZnO
nanoparticles to the actilayer blend is seen to act in a courgenductive manner in greatly
reducing the PCE of the devicflsr]. This drop can be attributed to the nanoparticles causing
cracks probably due to differing particle sizes and-momogeneous distribution which form
alternative pathways for current to flow in the device, and they can also affect the contact between
theactive layer and the tagduminumelectrode. The latter is justified by the low shunt and high
series resistances observed in thé durves. The nanoparticles could have also caused defect
centers that act as carrier trapping sites, increasing theidifflengths making it difficult for
excitons to travel. Incorporating the ZnO nanoparticles in the device by spin coating the blend has
a limitation by not ensuring homogeneous distribution of nanoparticles over thelagdvend

may be a contributingattor as particles may have formed agglomerations and not dispersing

evenly over the device area.
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Figure 6.5. J-V curve for the reference deviogith only the PSHT:PCBM active layer blend.
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Figure 6.6. J-V curve of ZnO:P3HT:PCBM device
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Figure 6.7. J-V curve for 3% Ga doped ZnO:P3HT:PCBM device
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Figure 6.8. J-V curve for 3% cedoped ZnO:P3HT:PCBM device.

Page| 119



Table 6. 1 Summary of performancearameters for the fabricated devices

Device Jsc Voc Rs Rsh FF PCE
(mA/cn¥) ( mV) 2 Kg ¥om @ (%)

Ref. 3.92 +0.01 440+2 53.3+04 357+2 41.2+0.6 7.02 £ 0.05

Device

Zn0O 0.195+0.004 460%+2 5127.1+1.2 893+1.1 14.4 +0.2 0.13

Zn0:Ga 0.0075+0.004 150+2 17.3+0.4 36.4+0.2 22.4+0.6 0.0062+0.0004
ZnO:Mg:Ga 0.012 +0.002 150+3 1177.2+0.3 322.4+1.1 154+0.3 0.0008 + 0.0002

—u8—ZnO np:P3HT:PCBM

% PCE

'1 I 1 || I
reference  Undoped ZnO 3% Ga doped 3% co-doped

Organic Device

Figure 6.9. Powerconversion efficiencies of the fabricated devices.
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Conclusion

By incorporating doped ZnO nanoparticles in the active layer P3HT:PCBM ldendim wago

improve the power conversion efficiencies in bulk hetero junction solar EeNgever, it turned

out that the incorporation of the nanoparticles affected the PCE values negatively and this was
attributed to norfhomogeneous distribution and poor exciton dissociation. Raman spectroscopy
studies identified all modes of P3HT. Absogotimeasurements shows the greatest absorbance
from the Mg,Ga/ ZnO in the visible region. The highest photoluminescence intensity wdsdecor
from the Mg,Ga/ZnO device. Due to this device givthg lowest PCE and it is reasonable to

conclude that Mgsa/ZnO nanoparticles acted as recombination centres for photoemission.
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Chapter 7 - Conclusions and Future Work

The crystal structureparticle morphology optical, luminescence and magnetic properties of
magnesium and gallium doped zinc oxide nanopartislere investigated. Structural, optical,
luminescence and efficiency parameters of organic solar cells incorporating the ZnO nanoparticles
were also angked. Magnesium and gallium were chosen as dopants due to their unique abilities
of improvingthe optical and electrical properties of ZnO. Tuning the properties of ZnO in this
manner offers potential in improving power conversion efficiencies of orgdrotoyoltaic
devices that incorporate ZnO either as an electron transport layer or in hybrid devices where ZnO
nanoparticles aradded tahe photaactive layer blend to facilitate electron extraction. Enhancing

the magnetic properties of ZnO offers furtbenefits in potentially aiding exciton dissociation in
OPV active layers.

XRD measurements confirmed that the synthesized powders are of the hexagonal wurtzite
structure of ZnO. SEM studies confirmed powders to be made dkeodtructures agglomerated
together to form nanoflowers and nanospheres. Elemental mapping studies showed elements to be
distributed homogeneously over the nanoparticles while the elemental composition studies
revealed the weight percentages of elements in the samples. Raman spegtiosther
confirmed all modes corresponding to hexagonal wurtzite structure of ZnO. Peak shifts and
broadening was seen on incorporatiMg and Gadopants into ZnQOmatrix. The band gaps
energies of the sampldeterminedrom diffuse reflectancdata wee found to be in theangeof

3.117 3.18 eV. A decrease theband gap valuesas noticed as theamples were annealed from

room temperature to 500°C. The decrease in these values was ascribed to increase in crystallinity
which was confirmedrom theXRD data

Photoluminescence studies revealed similar spectral characteristics to those from literature with
near band edge aratoad bandemissions in thevisible region This implies that emissions
originate from similar defects transitions. These transstioroad band emissions were mostly due

to oxygen related defects. Addition of dopavdsiedthe emission properties, with the Ga doped
sample predominately displaying near band edge emissions with minimal emission in the broad
band. TEMimageswere constent with SEM images showirtlyat theparticlestogether to form

nanoflowers.
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The ZnO nanoparticles were then incorporated into the active layerdilér&lBHJorganic solar

cells and the efficiency parametevsreinvestigatedA large decrease ithe PCE was seeapon
introduction of thedopednanoparticles into the active layer blend. This deagattributed to the
nanoparticles causing cracks probably due to differing particle gizeenanoparticlesnd non
homogeneous distribution which form alternative pathways for current to flow in the device, and
they can also affect the contact between the active layer and thietapumelectrode. Thisvas
confirmed by low shunt and high series resistards#erminedfrom the J-V curves.The poor
device performanceasalso attributed to ZnO nanoparticles that failed to completely dissolve in

the chlorobenzene and thus formed hillocks and pinholes in the active layer of the device.

Future Work

The quality of ZnO incorporating Mg and Ga dopants can be improved by refining the synthesis
methods, e.g. monitoring closely the reaction time homogenous and monodispersed particles. Also
by monitoring thepH and temperature during the synthasisrder to achievsuitable morphology

to improve harvesting of photogenerated charge carridmse devices can be fabricated to
promote the overall device repeatability as well as optimization of precursors in order to fabricate
as many devices as possible in the cheapesilpesvay.The devices need to be fabricated in

clean environment (like clean room) to avoid contamination and subsequentiphoddation

Doped ZnO has shown high potential owing to its excellent optoelectronic properties thus making
it as a suitableandidate for charge transport and extraction. These dual functions are essential in
the enhancement of the photoconversion efficiency of organic photovoltaic devices. We thus
propose that the effect of ZnO addition as an acceptor in the hybrid deviee morphology and
subsequently on the bulk heterojunction be investigated. This should follow the optimization of
the mass ratio of ZnO and PCBM. Additionalilye suitable device architecture essentially in the
inverted geometry should also be investidatedetail in which doped ZnO will be functionalized

on the transparent conducting electrode (ITO) for efficient electron transport and hole blockade of
the resulting PV device.
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